Abstract Many bacteria possess 2 or more genes for the chaperonin GroEL and the cochaperonin GroES. In particular, rhizobial species often have multiple groEL and groES genes, with a high degree of amino-acid similarity, in their genomes. The Rhizobium leguminosarum strain A34 has 3 complete groE operons, which we have named cpn.1, cpn.2 and cpn.3. Previously we have shown the cpn.1 operon to be essential for growth, but the two other cpn operons to be dispensable. Here, we have investigated the extent to which loss of the essential GroEL homologue Cpn60.1 can be compensated for by expression of the other two GroEL homologues (Cnp60.2 and Cpn60.3). Cpn60.2 could not be overexpressed to high levels in R. leguminosarum, and was unable to replace Cpn60.1. A strain that overexpressed Cpn60.3 grew in the absence of Cpn60.1, but the complemented strain displayed a temperature-sensitive phenotype. Cpn60.1 and Cpn60.3, when coexpressed in Escherichia coli, preferentially selfassembled rather than forming mixed heteroligomers. We conclude that, despite their high amino acid similarity, the GroEL homologues of R. leguminosarum are not functionally equivalent in vivo.
INTRODUCTION
Molecular chaperones are defined broadly as proteins that enable the correct folding of other proteins into their final active state, without themselves being a part of that state (Ellis 1993) . Many chaperones are also heat shock proteins and are important in both normal growth and survival of stresses that cause the unfolding of cytoplasmic proteins. Only 1 chaperone is known to be essential at all temperatures in Escherichia coli. This is the chaperone GroEL (also referred to as chaperonin), a complex of 14 identical subunits in 2 rings that assists the folding of proteins by temporarily encapsulating them in the central cavities of the rings. This enables them to fold in an environment where they are protected from aggregating and which favors the folded state (Ranson et al 1998; Sigler et al 1998; Saibil 2000) . Loss of groEL, or of groES (the gene for GroES that is required for function of GroEL), is lethal to E. coli at all temperatures (Fayet et al 1989) .
GroEL and GroES homologues exist in nearly all bacteria for which complete genome sequences are available, the exceptions being a few of the mycoplasmas.
The substrates for GroEL have been defined (Ewalt et al 1997; Houry et al 1999) . Although many proteins can bind to and be folded by the GroEL complex, the number that absolutely requires this complex for folding is relatively small. Among the obligate substrates are several essential proteins, which explains why groEL and groES are essential (Kerner et al 2005) . These proteins show no similarity at the amino acid sequence level, but there is good evidence for an enrichment among the substrates for proteins with (␤␣) 8 TIM-barrel domains. The chaperonins thus may have evolved in part specifically to fold this class of proteins.
Given that the number of obligate substrates in E. coli is low and the structural specificity of GroEL for its substrates is somewhat restricted, it is surprising that around 20% of sequenced bacterial genomes contain more than 1 groEL gene. What is the reason for these multiple genes? Do they encode GroEL proteins with a different range of substrate specificities, have some of them evolved to have novel functions, or do they simply represent a mechanism for increasing cellular levels of GroEL? Evidence that would enable us to distinguish these hypotheses is limited. It is known that, in all cases tested where multiple genes are present, the presence of at least 1 groEL gene is essential (eg, Servant et al 1993; Lee at al 1997; Rodríguez-Quiñ ones et al 2005) . It is also known that expression levels of groE operons in the same organism can vary widely (Fischer et al 1993; Lehel et al 1993; Glatz et al 1997; Lee et al 1997; Karunakaran et al 2003; Rodríguez-Quiñ ones et al 2005) . Multiple groEL genes in some organisms are quite closely related, whereas in others they are diverged significantly, suggesting that they may have different functions (Hughes 1993; Karlin and Brocchieri 2000) .
Rhizobia have unusually large numbers of groEL and groES homologues. In examples with sequenced genomes, Bradyrhizobium japonicum has 7 groEL homologues (Kaneko et al 2002) , Mesorhizobium loti and Sinorhizobium meliloti both have 5 (Kaneko et al 2000; Galibert 2001) , and Rhizobium leguminosarum and Rhizobium etli both have 4 (Young et al 2006; Gonzalez et al 2006) . The reasons for these high numbers are not clear; other heat shock proteins (for example DnaK and ClpB) have only 1 or 2 copies per rhizobial genome. However, there does appear to be a role for GroEL proteins in nitrogen fixation. Thus, 1 of the B. japonicum groE operons is regulated by NifA, and a reduction in the overall level of chaperonin expressed in this organism leads to a defect in nitrogen fixation caused by severely reduced levels of some nitrogenase enzymes (Fischer et al 1993 (Fischer et al , 1999 . In S. meliloti, mutations in 1 of the groE operons leads to the formation of ineffective nodules, and it has been shown that 1 of the GroEL proteins interacts with the NodD activator proteins as well as having a role in quorum sensing (Ogawa and Long 1995; Yeh et al 2002; Marketon and Gonzalez 2002) .
We have been studying the groEL genes of R. leguminosarum A34 to understand the roles of multiple GroEL proteins in more detail. A34 has 3 complete groE operons (1 less than the genome strain, R. leguminosarum biovar viciae 3841; Wallington and Lund 1994) . The GroEL proteins produced by these operons all have been purified and show distinct properties in vitro (George et al 2004) . The 3 operons are expressed at very different levels, and both of the less well-expressed operons can be deleted with no effect on strain growth, whereas the most highly expressed operon is essential (Rodríguez-Quiñ ones et al 2005) . Thus this constitutes a good system to test whether the different operons encode proteins with distinct functions, by testing to see whether overexpression of either of the nonessential operons can compensate for loss of the essential operon. We report here the results of this analysis.
MATERIALS AND METHODS

Strains and plasmids
All strains and plasmids are listed in Table 1 . E. coli strains were grown in Luria broth (LB) at 37ЊC. R. leguminosarum strains were grown in TY (Beringer 1974) or GGM (Rodríguez-Quiñ ones et al 1989) at 28ЊC, unless otherwise stated. Antibiotics were used at the following concentrations: ampicillin (200 g/mL), gentamicin (50 g/mL), kanamycin (30 g/mL), and tetracycline (10 g/mL). Where required, arabinose or glucose was added to 0.2%. Five percent sucrose was added to counterselect against sacB expression when required.
Strain manipulation (transformations, conjugations, and disruption of chromosomal genes) were done as described (Rodríguez-Quiñ ones et al 2005). Insertion of a kan cassette into the chromosomal cpn60.1 gene was confirmed by polymerase chain reaction (PCR) using primers cpn60.1F (AAGCAGGTCGGTCTCGAC) and cpn60.1R (GACGGTGATCTTCGTGGA), which amplify across the insert site within the cpn60.1 gene.
All plasmid constructions were done using standard molecular biology methods, with enzymes used according to the manufacturers' instructions. The DNA sequences of all PCR products were confirmed after cloning. The plasmids pHB4, pHB5, and pHB6 contain the entire cpn.1, cpn.2, and cpn.3 operons, respectively, in each case with a unique NdeI site introduced at the initiator ATG of the respective cpn10 genes, cloned downstream of the plac promoter in the expression plasmid pSU18 (Bartolomé et al 1991) . Subsequently, each operon was cloned downstream of a 780 base pairs (bp) fragment containing the promoter and regulatory regions of the cpn.1 operon, using the NdeI site so that each operon was at the same position relative to the cpn.1 promoter, in the shuttle plasmid pGB0 (Rodríguez-Quiñ ones et al 2005) . This yielded the plasmids pDWcpn.1 (containing cpn.1), pDWcpn.2 (containing cpn.2), and pTMcpn.3 (containing cpn.3).
To reduce the size of the intergenic region and delete the conserved Rhizobial intergenic sequence palindrome (CRISP) repeat from the cpn.2 operon, the cpn.2 operon was cloned into pSU18 and the cpn10.2 gene and the 5Ј-end of cpn60.2 were amplified by PCR as 2 separate fragments, using primers GCAGGGAATTCATGCGGCCTC and CTTTTCCTGGAATTCCTCTGG that both contained a novel EcoRI site, paired with an universal M13 reverse and forward primer, respectively. The primers were designed such that, when the PCR products were ligated at the EcoRI site, most of the intergenic region was lost. The new intergenic region generated was 32 bases long. The entire cpn.2 operon, under the control of the cpn.1 promoter and with the shorter intergenic region, was cloned into pGB0 to give the plasmid pDWcpn.2⌬CRISP.
To add DNA encoding a (His) 6 tag to the 3Ј end of the cpn60.1 gene, the 5Ј-end of the cpn60.1 gene was amplified using the primers GGCGACATGATCGCCATGGGT and GCGCGGATCCTCAATGATGATGATGATGATGCATCA TGTCCATACCGCCCATGCCGCCCA. The PCR product was digested with NcoI and BamHI and ligated to the remainder of the cpn.1 operon excised from pHB4 with XbaI and NcoI. The completed cpn.1(his) 6 operon was cloned into the vector pBlueScript SK(-) digested with XbaI and BamHI generating the plasmid pBScpn.1HIS. As a control, a copy of the cpn.1 operon with no his-tag was excised from pHB4 with XbaI and HindIII and ligated into pBlueScript SK(-), to generate pBScpn.1.
Protein analysis
Western blots, 35 S-labelling, and protein quantification were done as described previously (Rodríguez-Quiñ ones et al 2005; Gould et al 2006) . All quantifications using 35 S were based on 3 independent repeats. (His) 6 -tagged Cpn60.1 protein was purified using Ni-NTA resin (Qiagen), as recommended by the manufacturer. Proteins were eluted with 500 mM imidazole (dissolved in 20 mM Tris, 0.5 M NaCl pH 8.0) and precipitated using trichloroacetic acid (TCA) for further analysis.
RESULTS
Comparative analysis of Cpn60 sequences
We used the program NEEDLE in Emboss-align (www.ebi.ac.uk) to make all possible pairwise comparisons between the 3 Cpn60 proteins from R. leguminosarum A34, the fourth GroEL from the genome strain (which is on a plasmid not present in A34), and GroEL from A. tumefacienes, which is closely related to R. leguminosarum but which cannot fix nitrogen or nodulate roots and has only a single groE operon. As can be seen in Table 2 , the 3 Cpn60 proteins are much more closely related to each other than any of them are to the fourth protein found in the genome strain, and the major chaperonin protein Cpn60.1 shows the highest similarity to the GroEL protein from A. tumefaciens, which is closely related to R. leguminosarum.
Phylogenetic analysis of all GroEL multiples from Rhi- Pairwise alignment scores, calculated using Needle, are shown as % identities, with % similarities shown in brackets.
Fig 1.
Cladogram showing relationships between different rhizobial Cpn60 proteins. Mycobacterium tuberculosis cpn60 was used as an outgroup, and the Cpn60 protein from Agrobacterium tumefaciens also was included. Sequences were aligned by ClustalW, and analysis was done using the programs seqboot and protpars in the phylip package (Felsentein 1989) , using the default settings. The tree was displayed using treeview (Page 1996) . zobia with completely sequenced genomes confirmed this result. We used several different methods to build phylogenetic trees from a ClustalW alignment of these proteins and, although there were small differences in the resulting trees, the main features were fully conserved. An example is shown in Figure 1 . Essentially the same tree was obtained whether the R. leguminosarum chaperonin sequences from the sequenced genome, or from strain A34, were used (data not shown). A degree of clustering by species is observed, indicating that some homologues are likely to have arisen by recent gene duplications, but the clustering is not universal, and indeed the 4 R. leguminosarum GroEL homologues are all more similar to GroEL homologues from other Rhizobia than they are to each other. It is likely therefore that the multiple groEL homologues in Rhizobia have arisen by a mixture of gene duplication, speciation, and horizontal gene transfer. Because of the high similarity between the genes, the details of this are unlikely to be decipherable, a conclusion also reached in a recent detailed analysis of GroEL phylogeny (Goyal et al 2006) .
We next looked at alignments between the 3 Cpn60 proteins from R. leguminosarum A34 and GroEL, to see whether any residues known to be of particular importance from analysis of GroEL were altered in any of these proteins. Thirty-three positions, which have been identified as being important in genetic studies on GroEL, were compared. In all 3 Cpn60 proteins, the corresponding residues were either identical or similar to GroEL (data not shown).
One intriguing point of difference between the 3 Cpn60 homologues is at their extreme C-termini. Most GroEL homologues have long runs of glycines and methionines at their C-terminus (usually referred to as the GGM tail). The role of this region in E. coli is apparently fairly minor (Burnett et al 1994; McLennan et al 1994) , but nevertheless it shows good conservation across species. However, of all the homologues present in R. leguminosarum, only Cpn60.1 possesses a GGM tail similar to that of E. coli GroEL, with 4 GGM repeats compared to 3 in E. coli. Cpn60.3 contains a single GGM motif and perhaps the remains of a second one, and Cpn60.2 does not have any GGM motifs at all.
Attempted overexpression of and complementation with Cpn60.2
The system used to check for the ability of different Cpn60 homologues to replace Cpn60.1 was as follows. We had previously constructed a copy of the cpn.1 operon with the cpn60.1 gene disrupted with a kanamycin resistance cassette and ligated this into a suicide plasmid, which then was integrated into the R. leguminosarum A34 chromosome by homologous recombination between the cpn.1 operon on the chromosome and the disrupted copy on the plasmid. This strain was called RQL1-M2 (Rodrí-guez-Quiñ ones et al 2005). The plasmid also contained a gentamicin resistance cassette and a sacB gene. Expression of sacB is lethal on cells plated on media containing sucrose, so the ability of any other chaperonin to functionally replace Cpn60.1 can be tested by introducing it on a plasmid and selecting for a second round of recombination by growth of the cells on 5% sucrose. Recombination either will restore the original chromosome or remove the intact cpn60.1 gene from the chromosome. These 2 possibilities can be distinguished by the ability of the cells to grow on kanamycin. Strains carrying point mutations in the sacB gene can be detected as they remain gentamicin resistant.
In the presence of the plasmid pDWcpn.1, which contains the cpn.1 operon under the control of its own promoter, a high frequency of sucrose-resistant colonies was seen, and those that were kanamycin resistant also were gentamicin sensitive, showing that the chromosomal copy of the cpn60.1 gene can be disrupted if a complementing source of Cpn60 is present. To determine whether Cpn60.2 functionally could replace Cpn60.1, the plasmid pDWcpn.2 that contains the cpn.2 operon under the control of the cpn.1 operon promoter, was introduced into RQL1-M2, and cells were plated out on sucrose or sucrose plus kanamycin. In repeated experiments, the frequency of sucrose-resistant colonies was reproducibly 10-to 100-fold lower than when pDWcpn.1 was present, and no kanamycin-resistant, gentamicin-sensitive colonies ever were found when pDWcpn.2 was used. PCR analysis of 4 of the sucrose-resistant colonies is shown in Figure  2 (tracks 1-4), confirming that the wild-type copy of cpn60.1 still is present in these strains.
Lack of ability of cpn60.2 to complement for loss of cpn60.1 could be due to poor expression of the Cpn60.2 protein, or inability of the Cpn60.2 protein to function in folding essential substrates, or both. We measured the level of Cpn60.2 protein expressed using Western blotting (data not shown) and quantitative labeling (Fig 3) . The level of Cpn60.2 produced by pDWcpn.2 was only about a third of that seen for Cpn60.1 and significantly lower than the amount of Cpn60.1 produced from pDWcpn.1 (compare lanes 2 and 3). The cpn.2 operon is the presence of an unusually long spacer region of 159 bases between the cpn.10.2 and cpn60.2 genes (the average distance in chaperonin operons is around 70 bases). This spacer contains a sequence that is very abundant in all rhizobial genomes, but absent from other genomes examined so far. We call this element CRISP, and it is probably a repetitive extragenic palindromic (REP) element of some kind (Gould 2003) . We therefore deleted all but 32 bases of this intergenic region in the plasmid pDWcpn.2 to produce the plasmid pDWcpn.2⌬CRISP, and transformed this plasmid into the merodiploid strain RQL1-M2. However, the amount of Cpn60.2 produced by this plasmid was unchanged relative to pDWcpn.2 (data not shown) and, when the strain was plated onto sucrose plus kanamycin and the resulting sucrose-resistant colonies were screened, all of them were still gentamicin resistant, showing that they had arisen from mutation of the sacB gene and not by loss of the cpn60.1 gene.
We compared expression of Cpn60.1 and Cpn60.2 in E. coli from the plasmids pHB4 and pHB5, which express the whole cpn.1 and cpn.2 operons respectively under the control of the lac promoter. The results showed that, even when induced by isopropyl ␤-D-1-thiogalactopyranoside (IPTG), Cpn60.2 was less well expressed than Cpn60.1 under these conditions, although expression was higher than that of the endogenous GroEL (data not shown). We compared strains of E. coli containing pHB4 or pHB5 for their ability to complement for mutation or loss of the endogenous groEL gene. Cpn60.1, but not Cpn60.2, was able to rescue growth of SF103 (which carries a groELts mutation) at the nonpermissive temperature (Fig 4) . We thus conclude that, in both R. leguminosarum and E. coli, the Cpn60.2 protein is poorly expressed and, for this reason at least, unable to replace the function of the major endogenous chaperonin.
Attempted overexpression of and complementation with Cpn60.3
We next investigated whether overexpression of Cpn60.3 could compensate for loss of expression of Cpn60.1, using the same approach. The plasmid pTMcpn.3, which contains the cpn.3 operon under the control of the cpn.1 promoter, was introduced into the merodiploid strain RQL1-M2, and colonies were selected on sucrose and kanamycin. This experiment was repeated 3 times. On 2 occasions, all of the colonies that grew on kanamycin and sucrose were still gentamicin resistant, showing they were likely to have arisen by mutations in the sacB gene and not by homologous recombination and loss of the wild-type cpn.1 operon. On a third occasion, however, we obtained several colonies that were gentamicin-sensitive. Four of these colonies were checked using PCR with oligonucleotides internal to the cpn60.1 gene, and this showed that, in each of these colonies, the wild-type cpn60.1 gene had been lost (Fig 2) . This was confirmed by analysis of the protein profiles of the different strains, which showed loss of Cpn60.1 expression in one of the putative cpn60.1 knockout strain (Fig 3) . We observed that the level of expression of Cpn60.3 in this strain was significantly higher than in the merozygote from which it was derived (Fig 3, compare lanes 4 and 5) . Because we had only obtained successful complementation of cpn60.1 in 1 out of 3 experiments, this raised the possibility that a mutation had arisen in the pTMcpn.3 plasmid that was increasing Cpn60.3 expression, which in turn was improving its ability to replace Cpn60.1. To test this hypothesis, we isolated plasmid DNA from the strain in Doubling times were measured at the temperatures indicated in either wild-type Rhizobium leguminosarum A34, or the strain with cpn60.1 disrupted and Cpn60.3 overproduced to a high level.
Fig 5.
Formation of mixed oligomers between Cpn60.1 and Cpn60.3 in Escherichia coli. Crude extracts from strains expressing either Cpn60.1 alone, Cpn60.3 alone, Cpn60.1(his) 6 , or Cpn60.1(his) 6 and Cpn60.3, were passed through a Ni-NTA column and subsequently eluted with imidazole. Protein in the soluble supernatant, the initial wash through the column, and the eluted fraction, were detected using an anti-GroEL monoclonal antibody (4-3F) that cross-reacts equally well with Cpn60.1 and Cpn60.3 which plasmid-expressed Cpn60.3 was able to complement Cpn60.1 and reintroduced it into the original merozygote strain RQL1-M1. The complementing plasmid was named pTMcpn.3comp. Approximately 50% of the sucrose-resistant, kanamycin-resistant colonies derived from this strain were now gentamicin sensitive, compared to 0% of the original strain, showing that the ability to complement for Cpn60.1 segregated with the plasmid pTMcpn.3comp. We determined that the amount of Cpn60.3 produced by pTMcpn.3comp was about 2.5 times greater than that produced by pTMcpn.3, equivalent to nearly 4 times the endogenous level of Cpn60.1 (data not shown). We thus conclude that a mutation in the plasmid has increased the level of Cpn60.3 protein and that this is needed for effective complementation to occur. We resequenced the entire cpn.3 operon and cpn.1 promoter in pTMcpn.3comp, but no mutations were found. It is thus likely that the mutation has arisen elsewhere in the plasmid and alters its copy number.
How effective is Cpn60.3 at replacing the function of Cpn60.1 when expressed at this higher level? To investigate this, we compared the doubling time during log phase of A34 and A34 cpn60.1::kan/pTMcpn3.comp over a range of temperatures from 19ЊC to 31ЊC (Table 3) . As can be seen, the strain overexpressing Cpn60.3 and lacking Cpn60.1 grew less well at all temperatures, and growth was particularly poor at high temperatures, with cells at this temperature failing to reach a final optical density at 600 nm (OD 600 ) of 0.1 under our growth conditions. Overexpression of Cpn60.3 from this plasmid in a wild-type background had no effect on growth (data not shown). It is thus the case that, even when overexpressed, Cpn60.3 cannot fully replace Cpn60.1 in vivo.
We also tested to see whether or not overexpression of Cpn60.3, together with its cognate cochaperonin Cpn10.3, could replace E. coli GroEL. The results of this experiment, shown in Figure 4 , confirm that Cpn60.3 can replace GroEL even at 43ЊC, showing the temperature-sensitive phenotype of A34 cpn60.1::kan/pTMcpn.3comp is not due to inherent lack of activity of Cpn60.3 at higher temperatures.
Can the different Cpn60 proteins form mixed oligomers?
We wished to determine whether or not different Cpn60 proteins assemble into the same complex, or whether they form unique, homo-oligomeric complexes when coexpressed. To do this, we first constructed a version of the cpn.1 operon that included codons for a histidine tail on the Cpn60.1 protein, as described in the Materials and Methods section. The tagged Cpn60.1 still was able to functionally replace GroEL in E. coli, showing that the presence of the tag has no significant effect on the in vivo function of Cpn60.1 (data not shown). The tagged protein was strongly retained on a Ni-NTA resin, whereas neither Cpn60.1 nor Cpn60.3 were retained (Fig 5) . We cotransformed MGM100 with the plasmid expressing the histagged Cpn60.1 and pHB6, which overexpresses Cpn60.3. When the extract from this strain (grown on glucose to eliminate expression of the endogenous GroEL) was passed through Ni-NTA resin and bound proteins eluted with imidazole, a small amount of Cpn60.3 was detected in addition to the strong Cpn60.1 band, but the proportion of Cpn60.3 to Cpn60.1 was considerably lower than in the initial protein extract (Fig 5) . We conclude from this that these two proteins can form mixed complexes, but that they preferentially form homo-oligomers. Because of the poor expression of Cpn60.2 in E. coli, we could not test for the formation of mixed rings with Cpn60.1.
DISCUSSION
It is not clear why some bacteria have multiple genes encoding chaperonin homologues, but several different hypotheses can be proposed. The different homologues may have different pools of substrates and may be needed under particular growth conditions. Alternatively, the presence of multiple genes may enable the production of higher levels of chaperonins under stress conditions. Finally, different chaperonins may have evolved to have quite different functions, which are not related to protein folding. We have chosen the organism R. leguminosarum to study the phenomenon of multiple chaperonin genes. The chaperonin genes present in this organism show a high degree of sequence similarity. Our previous studies showed that only the most highly expressed of the 3 genes is essential and that it is regulated differently to the second most highly expressed gene (Rodríguez-Qui-ñ ones et al 2005; Gould et al 2006) . All 3 chaperonins have been purified and analyzed, and they show distinct biochemical properties and different degrees of ability to act as chaperones in vitro (George et al 2004) . The current study extends these findings to show that 1 of the nonessential chaperonins (Cpn60.2) cannot be expressed at high levels and the other (Cpn60.3) cannot completely replace the function of the essential Cpn60.1 protein in vivo even when overexpressed. The data in this paper, combined with our earlier analyses, demonstrate that the multiple chaperonins in R. leguminosarum are not functionally equivalent.
The fact that we were unable to obtain good overexpression of Cpn60.2 in either R. leguminosarum or E. coli, under conditions where the other chaperonins were well expressed, means that the in vivo activity of this protein could not be assessed. In vitro, we have found previously that it was able to chaperone the folding of denatured lactate dehydrogenase and that it had approximately half the adenosine triphosphatase (ATPase) activity of Cpn60.1 and a third that of E. coli GroEL. Thus there were no compelling reasons to suppose that it would not act as a chaperone in vivo. We also found it to be the least stable in vitro of the chaperonin proteins in R. leguminosarum, and it is possible that this leads to more rapid turnover of the protein in vivo.
The Cpn60.3 chaperonin is interesting because it is only expressed normally in vivo when cells are incubated anaerobically, and its expression requires a functional NifA protein (Rodríguez-Quiñ ones et al 2005) . This implies it may have some role in nitrogen fixation, and strains that do not express this protein show a 50% to 60% reduction in nitrogenase activity in root nodules (P.A. Lund and J.A. Downie, unpublished results). However, it is clearly not specialized solely for such function, because it can complement well for loss of the E. coli GroEL protein. In this study, we only were able to get functional replacement of Cpn60.1 in R. leguminosarum when an uncharacterized plasmid mutation led to an increase in the level of expression of Cpn60.3 to a level 4-fold greater than that of Cpn60.1 in a wild-type strain. Even then, Cpn60.3 was not able to fully substitute for Cpn60.1 function, as shown by the temperature sensitivity of the complemented strains. Thus the reason for the presence of multiple chaperonin genes in some strain is clearly not simply to provide an additional means of increasing chaperonin levels at times of stress. Interestingly, Cpn60.3 has an intrinsically low ATPase activity (about 20% that of Cpn60.1). Although it can assemble into a complex with Cpn60.1, it appears to assemble more preferentially into homooligomeric complexes. The fact that this protein can function well in E. coli, but not in R. leguminosarum, implies that Cpn60.1 may be required for the folding of 1 or more proteins that do not require GroEL for folding in E. coli, and that Cpn60.3 may be poor at chaperoning these proteins.
Sequence alignments provide some suggestions for future work to explain the differences in properties of these 3 chaperonin proteins. In particular, the lack of the conserved GGM motif at the C-terminal tail of the nonessential chaperonins is intriguing. It has been suggested recently that the alternations in the C-terminal tail can affect the kinetics of folding of some GroEL substrate proteins (Tang et al 2006) ; whether this also might lead to some substrate selectivity in organisms that express multiple GroEL homologues remains to be tested. Future studies swapping domains between the different homologues should enable us to determine which regions of the protein are critical for effective function in the host organism.
